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ABSTRACT Modified oligodeoxynudeotides com piemen* 
Ury to RiNA of human immunodeficiency virus I (HTV-1) were 
tested for their ability to inhibit virally induced syncytium 
Formation and expression of viral p24 protein. The modifica- 
tions of oligomers include replacement of backbone phospho* 
diester groups with phosphorothioates and various phosphor* 
amidates. All oligomers were found to be active. Oligomers 
with complete replacement of phosphodiesters with phosphor- 
amidate or phospborothioate groups were more active at the 
micromolar range than were unmodified oligomers of the same 
sequence. In addition, modified and unmodified homooligoou- 
cleotides also showed inhibition of HTV-1 replication. It is 
suggested that different classes of oligonucleotides may inhibit 
HIV replication by different mechanisms. 

Oligonucleotides complementary to viral RNA have been 
shown to inhibit viral replication in cell cultures with Rous 
sarcoma virus (1). human immunodeficiency virus (HIV) (2- 
4), vesicular stomatitis virus (5-7), herpes simplex virus 1 (5. 
8). and influenza virus (9). Similarly, the expression of the 
c-myc protooncogene has been inhibited in HL-60 cells and 
T lymphocytes (10-12, 22) by oligonucleotides complemen- 
tary to mRNA. Oligonucleotides are taken up by cells by a 
process that appears, at least in some cases, to require energy 
(4). This "antisense" approach to the control of RNA ex- 
pression has potential for therapeutic use in the treatment of 
patients with acquired immunodeficiency syndrome (AIDS). 
Limiting factors for the therapeutic use of oligonucleotides 
could include degradation of the oligonucleotides by nu- 
cleases and fow cellular uptake of polyanions of this type. To 
overcome these problems, some of the antisense oligonucle- 
otides have been modified on the backbone as methylphos- 
phonates (5, 8) or phosphorothioates (3). This field has 
recently been reviewed by Stein and Cohen (9). 

We demonstrated that unmodified oligonucleotides could 
be used to inhibit HIV (2, 4). In unpublished results we have 
found inhibition of HIV by oligonucleoside methytphospho- 
nates. Here, we report the synthesis of oligonucleoside 
phosphoramidates and phosphorothioates and their anti-HI V 
activity. The structures of these modified intemucleoside 
linkages are given in Fig. 1. All the modified oligonucleotides 
were found to be resistant to nucleases such as snake venom 
or spleen phosphodiesterases. Oligonucleoside phosphoro- 
thioates have been shown by Matsukura er al. (3) to inhibit 
HIV replication. 

MATERIALS AND METHODS 

Oligonucleotides were synthesized on an automated synthe- 
sizer (model 8600, Biosearch. San Rafael. CA). Larger 
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Fic. 1. Intemucleoside linkages used in the study. The phos- 
phoramidates are butylamidate (I), piperazidate (II), and morpholi- 
date (III). The phosphorothioate is structure IV. 

amounts of material for toxicity studies were made by a 
manual solid-support method on an Omnifit assembly (13). 
Unmodified oligomers were made and purified by methods 
described previously (2). Phosphorothioates and phosphor- 
amidates were synthesized by a modification of the H- 
phosphonate procedure (14, 15). To generate phosphoro- 
thioate linkages, oxidation following the final coupling and 
detritylation was replaced by treatment with 0.1 M sulfur in 
carbon disulfide/triethylamine (9:1. vol/ vol) at room tem- 
perature for up to 2 nr. depending on chain length (16). For 
the phosphoramidates. this step was replaced by treatment 
with a 10% solution of the appropriate amine in carbon 
tetrachloride for up to 1.5 hr, depending on chain length (16). 

After deblocking in concentrated ammonium hydroxide 
(55°C for 5Vt hr or room temperature for >2 days), products 
were purified on 2-mm-thick preparative layer plates (Merck 
silica gel 60) in propanol/water/concentrated ammonium 
hydroxide (55:35:10. vol/vol). Phosphorothioates were fur- 
ther purified on DEAE-ceilulose and C„ silica (details will be 
published elsewhere). Phosphoramidates from preparative 
layer plates were passed through Sephadex G-25 in aqueous 
30% (vol/vol) ethanol and then through C, g silica and 
dialyzed. 

In all cases, small amounts of oligomers attached to the 
solid support were taken before the final treatment with 
sulfur or amine and were oxidized with 2% iodine in 
pyridine/water(98:2, vol/vol) (15) to phosphodiesters. These 
were used for determination of base composition by enzy- 
matic degradation to nucleosides followed by HPLC. The 
phosphorothioates were also characterized by polyacryl- 
amide gel electrophoresis, where they had similar mobility to 
the corresponding diesters. 

Phosphoramidates were further characterized by hydrol- 
ysis with formic acid to the phosphodiesters (16) for com- 
parison with authentic samples on HPLC and degradation to 
nucleosides for determination of nucleoside composition and 
integrity by HPLC. 

A useful indicator of oligonucleotide purity and integrity is 
the melting curve of its duplex with a complementary DNA 

Abbreviations: HIV. human imirunodeficiency virus: AIDS, ac- 
quired immunodeficiency syndrome. 
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strand. The presence of shone? impurities produced broad- 
ening of the curve, whereas backbone modifications reduced 
the melting temperature. The amidates generally had lower 
melting temperatures than the phosphorothioates; an excep- 
tion appears to be /V-meihylphosphoramidaie. 

Assays for H1V-1 Inhibition. The inhibition of HIV-1 
expression in H9 or MOLT-3 cells in the presence of 
antisense oligonucleotides was carried out by infecting 5 x 
10 5 cells per ml with 2.5-5 x 10* virus panicles of HIV-1 
strains HTLV-IIIB or HTLV-IIIC Infection with 500-1000 
virus particles per cell represents a multiplicity of infection 
(MOD of 0.5-1. HIV-1 infection of cells was carried out by 
simultaneous addition of virus and antisense oligomers to the 
ceils in culture. The cultures were incubated in culture 
medium containing RPMI 1640. 10% (vol/vol) fetal bovine 
se ™ m : 2 , mM famine, and 250 M g of gentamicin per ml. in 
a humidifed atmosphere containing 5% C0 2 at 37"C. After 4 
dav j- tne eel's and supernatant were examined for the level 
of HIV-1 expression by measuring syncytia (MOLT-3 cells) 
and viral antigen expression as well as cell viability. The 
number of syncytia formed in MOLT-3 cells were counted 
after triturating the cells to obtain an even distribution of the 
syncytia in the culture. The average number of syncytia was 
obtained by counting several fields in duplicate cultures. Cell 
viability was measured in the presence of trypan blue, and the 
cells that excluded the dye were counted as viable cells. 
HIV-1 antigen expression was measured in cells fixed in 
methanol/acetone as described (17, 18). In brief, the cells 
were pelleted and then resuspended in phosphate-buffered 
saline (PBS) at a concentration of 10* cells per ml. The cells 
were spotted on toxoplasmosis slides, air-dried, and fixed in 
methanol/acetone (1:1. vol/vol) for 15 min at room temper- 
ature. The slides were next incubated with 10% normal goat 
serum at room temperature for 30 min and washed with PBS 
(four times). HIV-1 p24 or pl7 monoclonal antibody was 
added to each well and the slides were incubated for 30 min 
in a humid chamber at 37*C. The slides were washed with 
PBS (four times), incubated with fluorescein isothiocyanate- 
labeled goat anti-mouse IgG (Cappel Laboratories. Cochran- 
ville. PA) for 30 min at 37T. and then washed with PBS 
overnight. The slides were counterstained with Evan's blue, 
washed with PBS, mounted with 50% glycerol, and examined 
with a Zeiss fluorescence microscope. The percentages of 
cells fluorescing in the oligomer-treated and untreated cul- 
tures were compared. Inhibition of HIV-1 expression in the 
presence of oligomers was found to be similar in both the H9 
and the MOLT-3 cells. 

RESULTS 

Anti-HTV Activity of OUgoaudeoside Phosphorothioates. 
Oligonucleotides with chain lengths of 15 or 20 bases, 
complementary to three sites in HIV RNA previously shown 
to be good targets for inhibition (ref. 4 and unpublished 
results), were tested for inhibition of HIV replication. These 
sites were the capped end of viral RNA. a splice donor site 
near the 5' end of the RNA used to assemble shorter mRNAs. 
and a splice acceptor site used to generate tat mRN A. All the 
antisense oligomers inhibited HIV in cell culture (Table 1). 
Two oligonucleoside phosphorothioates of chain length 15 
(compounds 3 and 6 in Table 1) were less active than those 
with chain length 20 (compounds 4 and 5). In particular, 
compounds 5 and 6 should be compared, as they share a 
common sequence. The phosphorothioates typically are 
more active than the diester series, but for an accurate 
comparison, all compounds should be tested simultaneously . 
An unmodified oligomer with the same sequence as com- 
pound 5 and tested at the same time at a concentration of 50 
Mg/ml showed 77% inhibition of syncytium formation and 
72% inhibition of p24 expression. These values are lower 



than the activity of the phosphorothioa.e anaJosue at ^0 
Mg/m! (3 mM). ^ " w 

In another experiment, compound 5 was given 4 davs after 
addition of the virus and incubation was cont.nued for a 
further 4 days before expression of P 24 was assayed Al- 
though inhibition was somewhat lower than when the com- 
pound was given simultaneouslv with the virus, it was still 
high. At drug concentrations of 12.5, 25. 50. 100. and ">00 
Mg/mf . the percentages of inhibition were, respectively 4% 
19%, 70%, 82%. and 86%. 

Included in this series were two phosphorothioate deriv- 
atives not complementary to HIV RNA. One of these (com- 
pound 2) showed no activity up to 100 M g/ml. This com- 
pound, however, is self-complementary, and complementary 
oligodeoxynucleoside phosphorothioates have been shown 
to hybridize (20). Another compound (no. 1). complementary 
to neither itself nor HIV RNA, showed no activity at 4 ug/ml 
but at 20 ug/ml was equally active as the antisense phos- 
phorothioates. but also showed some toxicity. This suggests 
that at higher concentrations, these compounds may work by 
a mechanism other than antisense inhibition. A similar 
conclusion was reached by Matsukura et al (3) 

Aati-HTV-I Activity of Oligonucleoside Phosphoramidates. 
Three classes of phosphoramidates were studied (Fig 1) and 
the same target sites on HIV RNA were used as with the 
phosphorothioates. As with the phosphorothioates and 
diesters. oligomers with chain length of 20 were more active 
than those of 15 sharing a common sequence (Table 1- cf 
compounds 8 and 9. 10 and II. and 12 and IJ). In one pair the 
longer oligomer was also more toxic than the shorter oli- 
gomer. Apparently, activity is not critically dependent on the 
nature of the phosphoramidate group (cf. compound 8 with 12 
and 14 and compound 10 with 15). 

Anti-HTV Activity of Homooligodeoxynucleotides. In agree- 
ment with an earlier report (3). we found some homooligo- 
nucleoside phosphorothioates to be at least as active as the 
antisense sequences. We have extended the study of homo- 
oligonucleotides to include phosphodiesters and phosphor- 
morpholidates. All these compounds were active, and activ- 
ity was of the same order as for antisense heterooligomers 
(Table 2). In the three classes of backbones used, the dT and 
dG homosequences were consistently more active than dC or 
dA when ranked by summing total activities. This observa- 
tion is somewhat different from the previous report of 
phosphorothioates alone, where dC u was found to be most 
active (3). In general, the toxicity of homooligomers was 
greater than that of antisense oligomers as measured by 
reduction in cell number (Tables 1 and 2; unpublished 
results). 

Toxicity of Oligodeoxynucleoside Phosphorothioates in 
Mice. Preliminary acute toxicity studies in mice were per- 
formed with compound 5 at a concentration of 640 Mg/ml in 
pyrogen-free distilled water. Two male and two female mice 
were injected iniraperitoneally for each dose of compound. 
No symptoms of toxicity were observed for up to 14 days 
after injection of 2.5. 10. or 40 mg/kg of body weight. With 
a dose of 160 mg/kg. one animal died on day 3; with a dose 
of 640 mg/kg. all four animals died within 1 nr. These results 
show a relatively low degree of toxicity and are very similar 
to those obtained in acute toxicity studies with the parent 
phosphodiester compound (23). 



DISCUSSION 

The phosphate modifications used in this study gave oligo- 
nucleotides with backbones that were negatively charged 
(phosphorothioate). uncharged (phosphormorpholidaie. N~ 
butylphosphoramtdate), or positively charged (phosphorpi- 
perazidate). These compounds were more active than the 
parent diesters (Fig. 2). The nature of the backbone was not 
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Table 1, Inhibition ofHlV replication by backbone -modified oligodeoxynucleotides 



Compound 




Binding 


Cone. 


% inhibition 7 


% redu 


no. 


ocquence 


site* 


Mg/mi 


Syncytia 


p24 


in cell 






Phosphorothioaies 










CGAGATAATGTTCACACAAC 


Nonei 


4 


0 


0 


2 








20 


89 


93 


35 








100 


100 


100 


67 


2 


ACGTACGTACGTACCTACGT 


None* 


5 


0 


0 










29 


0 


0 










50 


0 


0 










100 


0 


0 




J 


CTAACCACAGACACC 


1-15 


4 


13 


5 


0 








20 


29 


28 


32 








100 


58 


24 


43 


4 


GCGTACTCACCAGTCGCCGC 


280-299 


4 


77 


56 








20 


99 


98 










100 


100 


100 




5 


ACACCCAATTCTGAAAATGG 


5349-3368 


4 


38 


63 


0 








20 


86 


91 


Q 








100 


100 


100 


0 


6 


CCCAATTCTCAAAAT 


5351-5343 


4 


14 


39 


0 








20 


34 


57 


0 








100 


85 


89 


0 






Phosphormorpholidatts 








7 


CTAACCACAGACACC 


1-15 


4 


43 


43 


14 








20 


55 


43 








100 


72 


67 


25 


8 


GCGTACTCACCAGTCGCCGC 


280-299 


4 


65 


52 








20 


92 


98 










100 


100 


100 




9 


CGTACTCACCAGTCC 


284-298 


I 


47 


43 










4 


68 


43 










20 


68 


49 


0 








100 


64 


63 


0 


10 


ACACCCAATTCTGAAAATGG 


5349-5368 


4 


59 


57 










20 


91 


86 










1001 


(Toxic) 






11 


CCCAATTCTCAAAAT 


5351-5365 


4 


52 


43 


3 








20 


47 


46 










100 


49 


75 


0 






Phosphorbutytamidaies 








12 


GCGTACTCACCAGTCCCCGC 


280-299 


4 


72 


57 










20 


. 100 


100 


... 








100 


100 


100 




13 


CGTACTCACCAGTCC 


284-299 


1 


53 


23 










4 


59 


23 










20 


47 


34 










100 


58 


43 


14 






Phosphorpiperazidates 








14 


GCGTACTCACCAGTCGCCGC 


280-299 


4 


71 


56 










20 


93 


96 










1001 


(Toxic) 






IS 


ACACCCAATTCTGAAAATGG 


5349-5368 


4 


47 


64 










20 


87 


64 










1001 


(Toxic) 







'Numbering of HIV RNA is taken from Muesini tt at. (19); 280-299 contain* a splice donor lite and 5351-5365 contains 
a splice acceptor site. 

f Assays are described in Materials and Methods. Values are means of duplicate determinations. 

'Percent reduction of the number of cells at 96 hr afters single addition of oligonucleotide ( 1 00 mi/ ml) at time zero compared 

to control cells. No virus was used in this determination. Cell number was determined by staining with trypan blue and 

counting stained cells in a hemocytometer. 
'Noncomplemeniary controls. 

'At 100 Mg/mJ. cell numbers fell below 5096 of those in the infected control. 



a crucial factor in determining activity among these nuclease- 
resistant derivatives, as they were equally active. Oligomer 
chain length had greater effect on antiviral activity, with the 
longer compounds being more potent. This behavior corre- 
lates with the melting temperatures of duplexes between 



these compounds and complementary unmodified DNA (un- 
published results). 

Our results on the inhibition of HIV-1 replication by 
phoiphorothioates are in general agreement with those of 
Matsukura tt at. (3). However, we did not observe any 
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Table 2. Anti-HIV activity of hoiripoligodeoxynucleoiides 
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Compound Cone, 
no. Sequence jig/ml 



% inh ' bltion % reduction 
Syncytia p24 in cell no. 



Phoiphorothioatti 



16 


dA* 


4 


0 


36 








20 


26 


36 








100 


88 


91 




17 


dC w 


4 


58 


36 








20 


98 


91 








100 


100 


95 




18 


dG M 


4 


51 


91 








20 


100 


100 








100 


100 


91 




19 


dTjo 


4 


60 


82 








20 


100 


93 








100 


100 


100 








Phoiphormorpholidaiti 






20 


dA„ 


4 


24 


0 








20 


35 


20 


12 






100 


83 


70 


21 


:i 


dC„ 


4 


44 


7 


0 






20 


35 


20 


0 






100 


32 


33 


24 


22 


dG„ 


4 


31 


0 


0 






20 


71 


33 


8 






100 


93 


80 


67 


23 


dT, 3 


4 


35 


33 








20 


54 


60 


11 






100 


98 


97 


76 






Phosphodiesters 






24 


dA|j 


4 


9 


40 








20 


33 


73 


4 






100 


45 


65 


23 


25 


dC„ 


4 


54 


0 


0 






20 


55 


53 


0 






100 


56 


80 


5 


26 


dG,, 


4 


68 


53 


0 






20 


75 


67 


0 






100 


94 


96 


28 


27 


dT tJ 


4 


42 


55 


16 






20 


75 


65 


62 






100 


91 


80 


78 



Assays were performed u for Table 1. 

correlation of inhibitory activity with G + C content. We have 
extended studies of the inhibitory effects of homopolyiners to 
two other classes of homooligodeoxynucleotides, the mor- 
pholidates and parent phosphodiesters. Both proved to be as 
potent as similar antisense heterosequences but exhibited 
consistently greater toxicity in tissue cultures. Finding high 
potency was surprising, particularly in the case of the 
phosphodiesters where we have demonstrated previously 
that several noncomplententary control heterooligomers 
were inactive. Thus unmodified homootigomers appear to 
behave differently from the heterooligomers and may inhibit 
HIV by some mechanism other than antisense competitive 
hybridization. 

It is known, for example, that homopolymcrs are better 
substrates than heteropolymcrs for reverse transcriptase 
(21). Hence, homooligomers might be competitive inhibitors 
of this enzyme or others involved in DNA synthesis. Also, 
degradation of a homooligonucleotide to mononucleotide 
would produce a much larger change in the intracellular pool 
of that nucleotide than would degradation of a comparable 
heterooligomer and also might occur at a different rate 
depending on the nature of the nucleases involved. In 
addition, homooligonucleotides might be able to associate 
rather nonspecificaily with RNA by seeking out dispersed 
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J'. 0 - \ Effect of uiternucieostde phosphate modification on the 
ability of an oligonucleotide to inhibit syncytium formation. The 
activity as a function of concentration of an ou'godeoxynucleoiide 
ff-butylphosphoramidate (upper curve) is compared with an unmod- 
ified oligodeoxynucJeoude of the same sequence (GCGTACTCA- 
ufv n J C I GC< ; GC) ' T * US '* complementary to sequence 280-299 in 
HIV RNA. All the phosphate modifications reported here as well as 
ffiethylphosphonates (unpublished remits) gave a similar enhance- 
ment in activity, 

regions of limited but sufficient complementarity, possibly 
including some non- Watson-Crick base pairs. It has not been 
determined whether such interactions might, for example, 
lead to activation of ribonuclease H. These and other factors 
might account for the activity of homooligonucleotides and 
their tendency to inhibit cell division to a greater extent than 
the heterooligomers. While the antiviral properties of the 
homooligomers are worth pursuing, they are expected to be 
less selective in their action and hence potentially more toxic 
than true antisense oligomers. 

In the case of the phosphorothioates. at low concentrations 
the noncomplementary control (compound 1 in Table 1) was 
inactive, whereas the antisense oligomers (compounds 3-6) 
were active. At higher concentrations, both the control and 
the antisense oligomers were equally active. Thus, at higher 
concentrations of this series of compounds, mechanisms of 
action other than competitive hybridization might be opera- 
tional. 

The one compound that was inactive at all concentrations 
was the self-complementary phosphorothioate (compound 2 
in Table 1), which probably forms a double-stranded duplex 
(20). It has also been shown that methylation at N-3 of 
thymidine abolishes the activity of an oligonucleotide phos- 
phorothioate (3). Thus, whatever mechanism of inhibition 
phosphorothioates may use in addition to or instead of 
antisense arrest, it might well require participation of the 
hydrogen-bonding centers on the bases. The availability of 
these would be restricted either by methylation or by base 
pairing. Alternatively, these hydrogen-bonding groups may 
be important for cellular uptake of the oligomers. 

The phosphate-backbone modifications of oligomers de- 
scribed here produce an increase in HIV-I-inhibitory activity 
relative io the parent phosphodiesters. This effect was 
independent of the substitution or overall charge of the 
oligomers, which were all still capable of base pairing with 
complementary DNA. At higher concentrations, the phos- 
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phorothioatcs probably act by some other mechanism(s) in 
addition to antisense arrest. Homooligonucleotides were also 
active but may be a special case, as even unmodified diesters 
were active whereas noncomplementary heterosequences in 
this series are inactive. These studies point to the potential 
usefulness of the phosphate-backbone modifications in gen- 
erating oligomers that may be more effective than unmodified 
oligomers either alone or in combination with other drugs in 
the therapy of patients with AIDS or AIDS-related complex. 
It is noteworthy that an oligonucleotide given 4 days after 
addition of the virus resulted in inhibition of HIV-1 expres- 
sion after further incubation for 4 days, thus suggesting the 
potential effectiveness of these oligomers not only in pre- 
venting new infection but also in inhibiting HIV expression in 
previously infected individuals. 

Addendum. Two noncomplementary sequences of oligonucleoside 
phosphormorpholidate were tested for their antiviral activity against 
HIV under the same conditions as des cribed above. The two 
sequences were CCAOGCAAACCATTTGAATC and CGTAAG- 
CAACACTAGATCCT. Inhibition of HIV-induced syncytium for- 
mation was found at concentrations of 4, 20. and 100 Mg/tnl. The 
results were, respectively. 11%. 21%. and 30% for the first sequence 
and 13%. 15%. and 30% for the second sequence. Thus, inhibition 
from the noncomplementary sequences is less than that from the 
complementary ones described in the text. Preliminary acute- 
toxicity studies of oligonucleoside phosphormorpholidate in mice 
showed remits similar to those for oligonucleoside phospborothi- 
oate. No symptoms of toxicity were observed at dose levels of 2 J. 
10. and 40 mg/kg of body weight, but with a dose of 150 mg/kg, two 
female animals died after 60 hr and two male animals were ill and 
recovered. 

Toxicity tests were performed by University Laboratories. Inc., 
New Jersey. This work was supported by a grant from the G. Harold 
and Leila Y. Mathers Foundation, by Frederick Cancer Research 
Facility Contract FOD-0756-02. by National Cancer Institute Cancer 
Center Core Grant P30-12708-13. and by National Cooperative Drug 
Discovery Group for the treatment of AIDS Grant U 01 AI24846 from 
the National Cancer Institute and the National Institute of Allergy 
and Infectious Diseases. 
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